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well as examples of bipolar derivations for cortical ( Fig. 1B) and thalamic (Fig. 1C ) sites. On 138 average, each patient had 6 cortical channels (ranging from 2 to 13) and 120.6 minutes of 139 NREM sleep from one night (ranging from 26.5 to 240 minutes). Downstates and spindles were 140 detected on each channel separately using previously published methods (see below) (Mak-141 McCully et al. 2017 ).
142
Scalp EEG Recordings 143 Scalp EEG data were recorded during sleep from 3 healthy subjects (1 female). 144
Written informed consent approved by the Partners Healthcare Network was obtained 145 for all subjects prior to their participation. Subjects wore a 70 channel EEG cap with a 146 modified 10-20 montage (Elekta Neuromag). Data were referenced to left mastoid. 147
Magnetoencephalographic data were collected simultaneously but are not reported 148 here. Periods of N2 sleep were identified according to standard criteria (Iber et al. 149 2007) . Gross artifacts were removed by visual inspection. 150
Downstate detection 151
Downstates were detected on each channel as follows: 1) Apply a zero-phase eighth 152 order Butterworth filter from 0.1 to 4Hz; 2) Select consecutive zero crossings within 0.25 to 3 153 seconds; 3) Calculate amplitude peak between zero crossings and retain only the bottom 20% 154 of peaks for intracranial recordings, or the bottom 10% of peaks for scalp EEG recordings.
155
For downstate detection in intracranial recordings, only periods of N2 and N3 sleep free 156 of visually-identified epileptiform discharges were used. Bipolar SEEG channels exhibiting 8 identified, showing mean decreases in HG power during DS troughs of -3.18 dB (range -1 to -8).
160
Downstate masks were padded with ± 250ms centered around the trough when determining the 161 extent cortical events overlapped with thalamic events.
162
Spindle detection
163
The current clinical standard for sleep scoring adopted by the American Academy of 164 Sleep Medicine is 11-16 Hz(Silber et al. 2007 ), but the major previous publications describing 165 sleep spindles using intracranial recordings in humans adopted 9-16 Hz (Andrillon et al. 2011;  166 Piantoni et al. 2017 ) or 10-16 Hz (Mak-McCully et al. 2017 Hagler et al. 2018) . Recent analyses 167 with scalp recordings of fast vs slow spindles have also used either 9-15 Hz (Mölle et al. 2011;  168 Klinzing et al. 2016 ) or 10-16 Hz(Cox et al. 2014 or even 9-16 Hz (Yordanova et al. 2017) , but in 169 all cases with the division between fast and slow spindles at 12 Hz. Here we consider spindles 170 as 10-16 Hz events and define spindles ≤ 12 Hz as slow. Recordings were notch filtered (either 171 49 to 51 Hz or 59 to 61 Hz, depending on country of origin) and then band passed at 10-16 Hz 172 using a zero-phase frequency domain filter (transition bands 30% of cutoff frequency). Taking 173 the absolute value of this filtered signal produced a spindle-band amplitude envelope. This 174 envelope was convolved with a 400ms Tukey window, the median amplitude is subtracted, and 175 normalized by the median absolute deviation. This signal was used to detect the onset and 176 offset of putative spindle epochs. To detect the middle of spindle epochs, we convolved the 177 amplitude signal with a 600ms Tukey window, normalized as before, and identified peaks with 178 magnitude larger than 2 for intracranial recordings and larger than 1 for scalp EEG recordings.
179
Then, we defined the onset and offset as 40% of the peak amplitude of the original spindle 180 amplitude envelope. Any overlapping or duplicate epochs were resolved, and epochs less than 181 300ms excluded. We then applied a series of strict exclusion criteria for putative spindle epochs. 9 amplitude envelope. We also required 5 peaks in a broad-band filtered signal (4-25 Hz) with an 184 amplitude greater than the median absolute deviation per channel and at least 25% amplitude of 185 the largest peak. Spindles in the thalamus were detected using a modified version of this 186 detector as previously reported (Mak-McCully et al. 2017 ).
187
Theta burst detection 188 Theta bursts were detected by modifying a previously reported spindle detector(Andrillon 189 et al. 2011). Our procedure was as follows: (1) Apply a zero-phase eighth order Butterworth 190 filter from 5-8Hz (range selected to minimize overlap with delta and spindle content); (2)
191
Calculate the mean of the Hilbert envelope of this signal smoothed with a Gaussian kernel 192 (300ms window; 40ms sigma); (3) Detect events with +3SD threshold for the peak and identify 193 the start and stop times with a +1SD threshold; (4) Only include events with a duration between 194 400ms and 1s; and (5) for each band pass-filtered peak in putative burst, calculate the 195 preceding trough-to-peak deflection, and only take events that have at least 3 peaks exceeding 196 25% of the maximum deflection. We also required bipolar SEEG recordings to have at least 50
197
TBs before calculating average theta frequency or the proportion of theta events associated with 198 DSs, which excluded four of sixty cortical channels.
199
Phase-amplitude coupling (PAC) 200 For the intracranial recordings, we correlated the phase of either spindle (10-16 Hz) or 201 theta (5-8 Hz) with the analytic amplitude in 60-100 Hz for all cortical channels across subjects.
202
We chose 60-100Hz to keep the range consistent across subjects, and because our lowest 203 sampling frequency was 256 Hz. Only channels that had at least 30 theta events and 30 204 spindles were included (58 of 60 cortical channels). We band passed our data in the theta, 205 spindle, and gamma frequency ranges using finite impulse response filters with an order equal 1 0 to the duration of three cycles of the lowest frequency. We used the Hilbert transform to extract 207 the analytic signal from our band passed data, took the phase angle from our theta and spindle 208 band passed data, and the amplitude of our HG band pass signal. Correlations between the 209 phase of the lower frequency signal and HG amplitude were evaluated across a duration equal 210 to the first two cycles of the lower frequency range per signal, across all detected events, for 211 each channel. The observed phase-amplitude coupling (PAC) measure was calculated by 212 taking the length of the average complex vector of the low-frequency phase, weighted by the 213 corresponding high-frequency power time series (Canolty et al. 2006) . Significance was 214 assessed for each channel and event type using non-parametric permutation statistics.
215
Specifically, for each channel and event type, the phase time series was randomly offset relative 216 to the power time series and PAC re-calculated 1000 times, generating a null distribution to 217 compare our observed PAC measure against. The preferred phase was determined only for 218 channels with a PAC-Z value greater than 3 (p<0.002).
219

Time domain and spectral analyses 220
We created event-related histograms to quantify the timing of intracranially-recorded 221 spindle or theta events relative to all intracranially-recorded DS troughs. For each bipolar SEEG 1 1
We also examined the spectral profile of periods prior to downstates. Power-230 spectral densities (PSDs) were computed for the epoch 500 ms to 0 ms before the DS 231 trough. For each channel, these were ranked and quartiled by the power in the 4-12 Hz 232 band. PSDs in the first and fourth quartile were normalized as z-scores, and averaged 233 over downstates. The difference between the quartiles is plotted in Figures 2G (SEEG 
241
Identifying short theta bursts prior to DSs in the cortex 242 Visual inspection of average spectrograms ± 2s relative to all DS troughs in intracranial 243 recordings showed increases within the 5-10 Hz range approximately 250ms before the 244 negative peak ( original LFP time-locked to a filtered theta peak (5-8 Hz). We implemented this by sorting DSs 1 2 the first band passed theta peak preceding the DS trough. This unfiltered average revealed 252 clear oscillatory activity within the theta range, showing two to three peaks across the majority of 253 channels for the top quartile and often absent in the lowest (Fig. 2B ,E). Theta oscillations were 254 also apparent at the level of single DSs selected from the top quartile ( Fig. 2 B and E insets, 255 cyan arrows).
256
To further characterize this observed intracranially-recorded theta oscillation during 257 NREM sleep, we applied a theta detector to each channel (see Methods). Descriptive statistics 258 for detected theta events are shown per subject in Table 2 , and the overall estimates for 259 frequency, duration, rate of occurrence are as follows (mean ± std. dev.): 6.33 ± 0.45 Hz, 672 ± 260 28 ms, 1.25 ± .39 /min. Interestingly, frontal channels exhibited lower overall frequency 261 compared with parieto-occipital channels, with estimated frequencies of 6.26 and 6.5 262 respectively (t = -5.6, p = 2.14e-08, mixed effects model with subject as random effect). As 263 expected, frontal channels also showed lower overall spindle frequency compared with parieto- 
271
In Figures 2C and 2F , we superimpose all detected theta traces, unfiltered and locked to 272 the deepest trough in the theta event for two example bipolar SEEG channels. Some channels 273 exhibited a downward trend in the average ( Fig. 2F ), suggesting a DS tends to follow the 1 3 detected theta events were associated with DSs, others were not, and that this varied within and 276 between channels. We also observed from post-hoc analyses that some channels exhibited 277 larger amplitude and more prolonged theta oscillations in the raw LFP for N2 versus N3 DSs 278 ( Fig. 3A) . This was corroborated with a greater number of peaks in detected theta events on 279 average per channel for N2 compared with N3 (t = -4.33, p = 1.49e-05, mixed effects model with 280 subject as random effect and channel as nested random effect). Additionally, we found there 281 was significantly greater theta power prior (-500ms to 0) to the DS trough for N2 compared to 282 N3 DSs ( Fig. 3B ; t = -3.13, p = .002, mixed effects model). However, the rate of detected theta 283 event occurrence was not different between N2 and N3 (t = -1.2, p = .23). That is, although the 284 number of events did not differ between N2 and N3, theta bursts were longer and larger in N2.
285
Theta and spindles show different temporal relationships with DSs
286
Since slow oscillations during sleep are known to group higher-frequency rhythms, we 287 investigated how often our detected theta bursts (TBs) occurred in relation to DSs recorded 288 intracranially. To quantify this, we created event-related histograms for each bipolar channel by 289 relating the start of TBs to DS troughs. For example, a recording from Patient 1 in the right 290 middle frontal gyrus shows that when TBs are detected around DSs, they are more likely to start 291 approximately 300ms prior to the DS trough ( Fig. 4A ). At the same cortical location, the 292 likelihood of slow spindles (Fig. 4B ), fast spindles ( Fig. 4C ), or all spindles ( Fig. 4D ) starting 293 between -500ms to 0 is greatly reduced compared to after the DS trough.
294
Of 60 cortical recordings, 35 channels from 7 patients had at least 20 TBs within ± 295 500ms of the DS trough, none of which were significantly more likely to start after the DS 296 trough. However, 14 of the 35 channels from 5 patients were more likely to have TBs start 1 4 occurring prior to the DS trough for these channels was not significantly different between 299 frontal and parieto-occipital regions (t=1.1, p=0.27).
300
Previous work (Mölle et al. 2011; Klinzing et al. 2016 ) asserts that spindles have 301 different temporal relationships with DSs depending on spindle frequency; with slower spindles 302 (≤ 12 Hz) occurring on the up to down transition, and faster spindles (>12 Hz) occurring on the 303 down to up transition. In order to test this hypothesis, we selected from the 60 cortical 304 recordings, the 35 channels from 7 patients which had at least 20 slow spindles within ± 500ms 305 of the DS trough. None of these channels showed slower spindles which were significantly more 306 likely to start before the DS trough. However, slower spindles recorded by 20 of the 35 channels 307 from 6 patients were more likely to start after the DS trough (Bonferroni adjusted p<0.05). If all 308 spindles were grouped together, those recorded by 39/49 channels from 10 patients were 309 significantly more likely to start after a DS trough (Bonferroni adjusted p<0.05). Neither slower 310 spindles (t=-.44,p=0.66) nor all spindles (t=-1.25, p=0.21) showed significant differences were centered around -450 and -350 ms before the DS trough ( Fig. 4E ). In contrast, slower 319 spindles were significantly more likely to start 350-450 ms after the DS trough (Fig. 4F ), and 1 5 trough ( Fig. 4G ). This confirms that spindles are more likely to start during the transition from 322 down to up states, while TBs start just before the transition to a DS.
323
Some time bins ( Fig. 4B -D,G & H) showed increased likelihood of spindles starting from 324 around -1.25s to -0.75s prior to DS troughs. To see if this increase was due to a previous DS, 325 we identified the 'early' spindles in question as those that began around -1s before down state 326 troughs (between -1.25s and -.75s relative to the DS minimum). Then we generated a time-327 frequency plot for the activity surrounding these spindles for each channel, and then averaged 328 them across the 33 channels in six subjects which had at least 50 such spindles ( Fig 2H) . A 329 downstate is clearly present in the average time-frequency plot, peaking about .25s prior to the 330 onset of these 'early' spindles, corresponding to the DS at about -1s in plots 2AD. The same 331 plots show another downstate at about 1s following 'early' spindle onset; this is the downstate 332 that was used to identify the 'early' spindles in the first place, corresponding to the DS at 0.0s in 333 plots 2AD. Notably, the 'early' spindle power increase precedes the theta band increase in this 334 plot, as well as those triggered on the main downstate ( Figs. 2A and 2D ). In summary, we 335 demonstrate that there is a sequence of sleep grapho-elements, typically theta-downstate-336 spindle, but sometimes downstate1-spindle1-theta-downstate2-spindle2. The second, longer 337 sequence is expected given that, especially in stage N3, downstates are well-known to occur 338 rhythmically at about 1Hz, comprising the slow oscillation.
339
Next we asked, how often do TBs or spindles occur around DSs? Only channels that 340 had at least 50 occurrences of each event type (theta or spindle) were included (N = 9 patients, 341 49 cortical channels). Downstate masks were padded with 100ms on either side of the DS 342 trough, and spindle and theta event masks marked by estimated start times. We found on 343 average across subjects, 24% of detected TBs began within ± 500ms of a DS trough, with 7.7% 1 6 spindles began within ± 500ms of a DS trough, with 8.7% of spindles occurring after a DS and 346 1.7% occurring before ( Fig. 4K ). There was a significantly greater proportion of TBs that fell 347 within ± 500ms of a DS trough than spindles (paired t-test, p=2.4e-05). There was substantial 348 inter-subject variability for both events, especially for TBs. Despite this variability, most subjects 349 exhibited similar temporal relationships with DSs.
350
Relation of theta bursts and spindles recorded in scalp EEG to downstates 351
In order to ensure that that our findings generalize to non-patient populations and to 
364
Relating thalamic theta with cortical theta 365 Three patients also had SEEG electrodes which recorded from the thalamus, and we 366 recently characterized the coordination of NREM DS and spindles between cortex and thalamus 1 1 8 starting within ± 500ms of the start of cortical TBs, and none of these 5 pairs had histograms 392 with a significant difference between leading versus lagging peaks as assessed with a binomial 393 test (p<0.05, Bonferonni corrected). This is in contrast to spindles, which showed significant 394 ordering effects with the thalamus preceding the cortex, and DSs, which usually started in the 395 cortex prior to thalamus (Mak-McCully et al. 2017) . These findings provide support that our 396 detected theta events are separate entities from DSs and spindles, as they appear to have 397 distinct corticothalamic dynamics.
398
When relating thalamic TBs to thalamic DSs, 6 of 8 thalamic channels from three 399 patients had at least 20 TBs within ± 500ms of the DS trough. Of these 6, two channels from 400 two patients were more likely to have TBs start before the DS trough (Binomial test, Bonferroni 401 adjusted p<0.05); no channels were more likely to have TBs start after the trough. When pooled 402 across patients, TBs were not more likely to start in any time bin over chance, relative to DS 403 troughs (Fig. 6E) . In contrast, peak occurrence of thalamic spindle onset was at the thalamic 404 downstate peak (Fig. 6F ), as has been previously reported (Mak-McCully et al. 2017) .
405
Theta and spindles differ in high frequency coupling
406
To determine if the TBs prior to DSs modulated HG power, we took the top quartile of DSs with 407 prior theta power (5-8Hz, -500ms to 0 negative peak), and averaged both the HGP (60-100Hz) 408 and LFP locked to the band passed theta peak first preceding the trough in the bipolar cortical 409 channels. This revealed clear oscillations within the theta range in the HGP (Fig. 7A , example 410 channel). We performed a similar analysis for spindles in the same channels, only with DSs 411 sorted by spindle power 0 to 500ms after DSs (Fig. 7B) , and averaging time-locked to the first 1 9
We found that for TBs, 42 cortical channels from 10 subjects showed significant PAC-Z 416 (p<0.002, uncorrected for multiple comparisons), and 45 channels from 10 subjects were 417 significant for spindle events. There was a strong correlation between PAC-Z measures from 418 the two event types across channels ( Fig. 7C ; spearman rho =0.59, 10 subjects, 57 channels), 419 and no difference in amplitude of PAC between theta and spindle events (p=0.15; N=10, 57 420 channels; nested random effects of channel in subject). However, there was difference in the 421 preferred phase for HG power for TB (at ~200°) and for spindles (at ~140°; Fig. 7D ). This 422 difference was highly significant (parametric Watson-Williams, F=26.5,p=1.6e-6). 
427
and then extended to assert that while 'fast spindles' occur after downstates, 'slow spindles' 428 occur before (Mölle et al. 2011; Klinzing et al. 2016; Yordanova et al. 2017) . Like these studies,
429
we found contrasting patterns of oscillatory activity before versus after DS. However, unlike 430 these studies we found that both slow and fast spindles occurred post-DS in direct cortical 431 recordings from both frontal and occipito-parietal sites (Fig. 4) , as well as scalp EEG (Fig. 5 ).
432
Rather than slow spindles, we found that short theta bursts (TB) precede DS, whether in cortical 433 or scalp recordings. Increased spectral power preceding DS is mainly within the theta band, 2 0
Previous scalp studies have reported increased theta power prior to DS troughs (Cox et 438 al. 2014; Klinzing et al. 2016) . We confirmed that these were true oscillations by averaging the 439 raw LFP locked to a theta peak prior to the DS (Fig. 2B & 2E) , and by requiring that each 440 potential theta burst contain at least three peaks. Theta bursts thus consist of multiple 4-8 Hz 
489
This possibility receives some indirect support from the fact that they are generated by the same 
687
and N3 in red (n=913 in pt 9 and 635 in pt 8). Averages are locked to the theta peak just 688 preceding the DS trough. B) Power within theta (5-8Hz) range -500ms to 0 relative to DS trough 689 for each channel (channels from a given patient have the same color). Most dots are below the 690 diagonal, indicating theta power was greater for N2 than N3 (t = -3.13, p = .002, mixed effects 691 model with subject as random effect and channel as nested random effect). 
692
